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Abstract: Since the patterns of residential buildings in the urban area are small-sized and dispersed,
this study proposes a high-resolution flood loss and risk assessment model to analyze the direct loss
and risk impacts caused by floods. The flood inundation simulation with a fine digital elevation model
(DEM) provides detailed estimations of flood-inundated areas and their corresponding inundation
depths during the 2016 Typhoon Megi and 2017 Typhoon Haitang. The flood loss assessment identifies
the impacts of both events on residential areas. The depth-damage table from surveys in the impacted
area was applied. Results indicated that the flood simulation with the depth-damage table is an
effective way to assess the direct loss of a flood disaster. The study also showed the effects of spatial
resolution on the residential loss. The results indicated that the low-resolution model easily caused
the estimated error of loss in dispersed residential areas when compared with the high-resolution
model. The analytic hierarchy process (AHP), as a multi-criteria decision-making method, was used to
identify the weight factor for each vulnerability factor. The flood-vulnerable area was mapped using
natural and social vulnerability factors, such as high-resolution DEM, distance to river, distance to fire
station, and population density. Eventually, the flood risk map was derived from the vulnerability
and flood hazard maps to present the risk level of the flood disaster in the residential areas.

Keywords: flood; 3Di; loss assessment; analytic hierarchy process (AHP); risk map

1. Introduction

Floods are some of the most catastrophic natural disasters that include severe economic impacts,
especially if floods happen in big cities around the world. In Taiwan, floods in the last 25 years have
resulted in losses of $518 million USD. The flood losses are approximately 4.6 times the losses caused by
fire damage [1]. Floods result in the exposure of many properties in residential areas to standing water.
Inundation may cause structural damages, such as on wall linings, and property damage, including
electronic devices [2]. Flood damages and losses can be broadly divided into two types: direct losses
and indirect losses. Direct flood losses are those caused by the physical or structural impact of a flood
event while indirect losses are not the direct economic losses of a flood. In the majority of damage
estimation studies, losses are restricted to direct losses for each element [3]. The evaluation of flood
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loss is related to the use of damage functions from potential asset damaging [4]. However, flood loss
is highly correlated to flood water depth. The depth-damage curve or table was created via a field
survey of direct loss in a flood event in the flood loss model [5]. The loss assessment includes asset
exposure, susceptibility to suffer damage, and damaging potential [6]. Moreover, flood risk was usually
defined as the product of hazard e.g., probability of occurrence and vulnerability or estimated cost of
foreseeable damage [7]. Risk assessment was generally measured as the expected loss degree of risk as
a consequence of a hazardous event [8].

Flood loss and risk assessment have been determined through flood hazard data, i.e., spatial
distribution of flood area, exceedance probability, and asset vulnerability data [6]. However, most flood
information is only based on point discharge measurements at discrete locations without spatiotemporal
information of flood inundation [9]. For the lack of sufficient depth measurements, we offer a flood loss
and risk assessment that integrates 2D hydraulic model results and high-resolution digital elevation
model (DEM) data, especially during the typhoon events. Considering the pattern of residential
area in the urban area, the water depth of each residential area is more appropriate based on the
high-resolution inundation simulation. A simulation-based flood loss and risk assessment can provide
an effective way for the spatial estimation and visualization of flood loss and risk in potential flooding
areas. Eventually, the impact of estimated loss or risk using a geographic information system (GIS) is
practical for flood loss assessment and disaster management [4,5,10].

This study proposes a GIS-based high-resolution flood loss and risk assessment model to analyze
the direct loss and risk impacts caused by a flood in a residential urban area. The model with fine
grids provides a high-resolution estimation of a flood-inundated area and its corresponding loss and
risk. The flood simulated water depths based on typhoon events during the 2016 Typhoon Megi and
2017 Typhoon Haitang were used in this research. The flood loss assessment identifies the impact of
a simulated flood water depth in the residential area. The highest water depths in the simulation of the
typhoon event were used to estimate the maximum loss in residential buildings. The depth-damage
table of the impacted area was applied in our survey for flood loss assessment. In addition, risk
is defined as the product of hazard e.g., high-resolution water depth and flood vulnerability. The
flood-vulnerable area was mapped using natural and social vulnerability factors, such as distance
from the river, distance to the fire station, elevation, and people density. The analytic hierarchy process
(AHP) was used to acquire the weight factor of each vulnerability factor. A flood risk map was derived
from the vulnerability and flood hazard maps to show the risk of the flood disaster.

2. Datasets and Methods

Figure 1 describes the process of each element in different colors. Each component represents
the proposed material and method used to derive the results. The black and blue colors indicate the
materials used in the beginning of the study. The current land use map was used to analyze the impact
of the flood disasters on the residential area. The high-resolution (1 m resolution) DEM was used in this
study. Water depth data were generated from the 3Di model [11]. The DEM, distance to river, distance
to fire station, and population density were used as natural and social vulnerability factors. The green
color indicates the process of deriving the flood loss and hazard map. The orange color indicates the
process of generating the vulnerability map. The blue color indicates the process of deriving the risk
map as the final step. A GIS model was also used to make the flood loss and risk process automatic.
This model combined loss and risk functions and processes developed using Python. The proposed
model enhances the applications with the purpose of flood loss and risk assessment by combining
functions and data related to flood loss, hazard, and vulnerability (Figure 1).
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Figure 1. Flowchart of the GIS-based flood loss and risk assessment.

2.1. Flood Model

The 3Di model was developed by Professor Stelling from TU Delft, Netherlands in 2010 [11]. The
3Di model combines four numerical methods including the subgrid method, bottom friction based on
the concepts of roughness depth, the staggered-grid finite-volume method for shallow water equations
with rapidly varying flows, and the quad-tree technique [12]. The 3Di model with sub-grid and
quad-tree methods can handle a large number of computational grids with high-resolution topographic
data [13]. The 3Di numerical method utilizes a finite volume. The method works by solving the
2D shallow water equations and combining the data through the quad-tree method. Such process
increases the density of computational cells in important areas, such as urban areas, levees, and roads.
It also ensures that the flow field will perform smoothly and reduces errors affected by the terrains.
3Di can efficiently perform under high-resolution terrain data. The integrated 3Di model consists of
two main components including 2D and 1D-flow components. In the model simulation, 3Di uses 1D
and 2D equations in terms of terrain conditions.

Compared with other inundation models, the most special part is the technique of the simulation
cell in the 3Di model, such as the sub-grid and quad-tree methods. The sub-grid method works
before starting a simulation, and it provides a series of temporary tables that contain the water
volume–level relationship of each simulation cell and link during the simulation when a water level is
being solved. Accordingly, we determine the volume of water that has changed between two adjacent
cells. The quad-tree method is suitable for simulating high-resolution terrain data or a large simulation
area. It has been widely used in inundation simulation or hydraulic calculation. This method can
increase the flexibility of simulation cells and is efficient when used for simulation.

In this study, the high-resolution simulation model was based on the high-resolution DEM. The
distributed rainfall data used in the 3Di flood simulation data were the Quantitative Precipitation
Estimation and Segregation Using Multiple Sensors (QPESUMS). QPESUMS is the rainfall time series
developed by the Central Weather Bureau, the Soil and Water Conservation Bureau, and the Water
Resources Agency in 2002. This time series integrates radar, satellite, rain gauge station, and lightning
observation data and is combined with the QPESUMS development. The size of QPESUMS rainfall
data is 1.3 km × 1.3 km, and it collects rainfall data every 10 minutes. Observed water level data from
two stations were used to validate the flood model data result. The gauging stations of the Wangliao
Bridge and the Yanzi Bridge are located in the Yongkang District. The water level data will be updated
every 10 min. Moreover, the simulated water levels and depths from the 3Di are the vector data in the
form of quad-tree data of the water level in the study area. These data were then converted into raster
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data for the subsequent loss and risk assessment. The flood raster data were converted to different
resolutions to determine the effects of differences in the resolution. The flood losses in using different
spatial resolutions (1, 5, and 10 m) were compared in this study.

2.2. Loss Assessment

The flood loss assessment was calculated based on a direct assessment method of the impact of
flooding on residential buildings. This assessment used the maximum water depth data of the flood
simulation model from the 3Di model during the flood events and the depth-damage table from the
field survey.

The depth-damage table was generated via the field survey in the flood area in the Rende District
using the synthetic method [14]. Fourteen local residents joined the loss survey. The survey was
conducted using a questionnaire given to residents in the flood disaster-prone areas. The table was
generated from the survey results of the flooding areas, depths, and the losses in the residential area
including furniture, clothes, electronic devices, and domestic appliances [14]. The survey data implied
that no costs were incurred by the community in the disaster-prone area for the flood recovery work.
The building recovery work and cleaning process were performed by the homeowners themselves and
assisted by the government, such as firefighters and military personnel.

2.3. Risk Assessment

A flood risk map is useful for increasing the awareness of local communities, local authorities,
and other organizations on flood risks. The determination of flood-risk areas is normally accomplished
through a subjective method using vulnerability data and the water depth of flood, with the concept
of risk itself interpreted in various ways. With a combination of the data hazard and vulnerability,
the flood risk map was generated using automatic procedures. The flood risk was generated by
multiplying the flood hazard map with the vulnerability map [15,16].

R = H×V, (1)

where R is the risk map, H is the flood hazard map, and V is the flood vulnerability map. The
maximum water depth of each typhoon event was determined from the flood simulation. Furthermore,
the average water depth from two events were applied for the flood hazard map. In this study, the
five-level risk map was generated for flood risk assessment.

2.4. Vulnerability Assessment

Flood vulnerability mapping is the process of determining the degree of susceptibility of a given
place to flooding. Vulnerability is the most crucial component of risk since it determines whether
exposure to a hazard constitutes a risk that may actually result in a disaster. Flood vulnerability can
be obtained from the weighted product model. This flood vulnerability map will be combined with
available vulnerability data in the study area.

V = Πn
i=1Vi

wi , (2)

where wi is the weight of the factor i (i.e., DEM, distance to river, distance to fire station, and population
density) from the AHP. Vi is the vulnerability map for factor i and n is the number of factors. The final
result is a flood vulnerability map that has information on vulnerability levels ranging from very low
to extreme levels.

The vulnerability factor data in this study include natural and social factors, such as the DEM,
distance to river, distance to fire station, and population density. In Tainan, low-lying areas have a high
vulnerability to the dangers of floods. The DEM data were used as one of the vulnerability factors in
this study. Flood happens when rainwater exceeds the capacity of waterways or rivers. Distance to
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the river is also an important factor in the analysis of vulnerability to flooding. River line area data
were also included to calculate vulnerability in terms of the distance of an area to river flow. Areas
that are close to the river will tend to have a higher value of vulnerability than other areas located
far away from the river. Distance to the river is determined through GIS. Moreover, fire stations in
Tainan are considered the first agency that can handle emergencies during a disaster, including floods.
A region that has a distance far from a fire station will have a higher vulnerability when a flood occurs
than an area located close to the fire station. This vulnerability is interpreted as the first response to an
emergency situation to prevent casualties and dangers that can cause losses due to flooding. People
can acquire help from firefighters and military services. Thus, fire stations are critical facilities when
considering the social vulnerability index [17]. In addition, population density is an important factor
for vulnerability that must be considered. The Ministry of Interior Affairs provides the village-based
population data. The polygon data are converted to a raster dataset through GIS.

2.5. AHP for Vulnerability Weight

The flood disaster vulnerability map was created by processing some of the available vulnerability
factor data. A multi-criterion decision-making (MCDM) method was used to determine the importance
of vulnerability factors from the vulnerability factor data. One of the MCDM methods used was the
AHP. AHP is a semi-quantitative decision-making value judgment approach that fulfills the objectives
of decision makers [18]. In this study, the AHP model [19] was used. The AHP continued until the
obtained consistency ratio was less than 0.1.

Twenty participants were selected for the AHP survey. Among them, 40% were local students
from the International Master Program on Natural Hazard Mitigation and Management Program, 50%
were hydraulic engineering students, and 10% were social science students. The backgrounds of the
participants were acquired to examine their various perspectives.

2.6. Study Area

The study area is Tainan City in Taiwan, which covers an area of 137 km2. The locations of the
study area (blue polygon) and residential area (orange polygon) are shown in Figure 2. The river
(Erren River) moves through the middle of the city. Typhoons, e.g., the 2016 Typhoon Megi and 2017
Typhoon Haitang, were accompanied by abundant rainfall (352 and 430 mm with 24-hour accumulated
rainfall) that caused serious damages in Tainan.
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3. Result and Discussion

3.1. Flood Hazard Map, Depth-Damage Table, and Vulnerability Weight by AHP

A flood hazard map was created on the basis of the data of the flood simulation model that was
processed with an automatic GIS model. The flood simulation data were obtained from the research
generated from the 3Di model. Water depth data from two flood events were used in this study (the
2016 Typhoon Megi and the 2017 Typhoon Haitang). The average water depths from both typhoon
events were used to generate the flood hazard maps. Water level data from two stations known as
the Wangliao Bridge and the Yanzi Bridge were used to validate the flood model data result. Figure 3
shows the comparison between flood simulations and observation of the water level in the two typhoon
events. The red color represents the observation of the water level and the blue one represents the
simulation of the water level. The results showed a good fitting between the simulated and observed
water levels. Figure 4 shows the maximum flood water depth of each typhoon for the flood hazard
map. The intensity level of the blue color indicates water depth. The dark blue indicates the highest
water level in the study area. The automatic model was developed based on the flood data simulation
caused by the typhoon disaster. In the 2016 Typhoon Megi and 2017 Typhoon Haitang, the results
showed that the maximum flood water level ranged from 0.25 m to 2 m in the entire study area.

Table 1 shows the depth-damage table generated from the field survey in the flood area in the
Rende District. No damage losses occurred if the water depth was less than 0.15 m. The flood loss
increased with water depth in the depth-damage table. The damage per area is at maximum if the water
depth is higher than 2 m. Figure 5 shows the vulnerability factor data such as (a) DEM, (b) distance to
river, (c) distance to fire station, and (d) population density. In Figure 5a, the elevation of the study area
is between −0.5 m and 40 m. Figure 5b shows that the residential area is close to rivers. In Figure 5c, the
fire station is uniformly distributed except in the southeast area. Figure 5d shows that the population
density is less than three persons per 25 m2 in most areas but is crowded with 10 persons to 59 persons
per 25 m2 in the area. The urban population is concentrated in the core area of the northern part. The
vulnerability factor is an important element for minimizing the impact of floods in the future.

Table 2 shows the vulnerability weight value from the AHP. The results of the AHP method is
the weight value used to determine the level of importance of the vulnerability factor. The two most
important factors are the population density (weight = 0.310) and distance to river (weight = 0.271).
Vulnerability weights contribute in the evaluation of flood risk and are sensitive due to their specific
local factors [20]. AHP modeling can identify vulnerability on a local scale but is difficult to impeccably
quantify because it depends on the quality of the indicators and survey data.

Table 1. Depth-damage table for the residential area from the field survey.

Depth-Damage
Depth (m)

<0.15 0.15–0.35 0.35–0.7 0.7–0.9 ≥2

Damage (NTD/m2) 0 242 1136 1623 3607

Table 2. Vulnerability weight values from the AHP.

AHP Factor Elevation Distance to River Distance to Fire Station Population Density

Weight 0.202 0.271 0.217 0.310
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Figure 3. Comparison between flood simulation (blue color) and observation (red color) from the water
level station at the (a) Yanzi Bridge during Typhoon Megi, (b) the Wangliao Bridge during Typhoon
Megi, (c) the Yanzi Bridge during Typhoon Haitan, and (d) the Wangliao Bridge during Typhoon
Haitang (unit: m).

Water 2019, 11, x FOR PEER REVIEW 7 of 15 

 

   
(a) (b) 

  
(c) (d) 

Figure 3. Comparison between flood simulation (blue color) and observation (red color) from the 
water level station at the (a) Yanzi Bridge during Typhoon Megi, (b) the Wangliao Bridge during 
Typhoon Megi, (c) the Yanzi Bridge during Typhoon Haitan, and (d) the Wangliao Bridge during 
Typhoon Haitang (unit: m). 

 
(a) 

Figure 4. Cont.



Water 2019, 11, 751 8 of 15
Water 2019, 11, x FOR PEER REVIEW 8 of 15 

 

 
(b) 

Figure 4. Flood hazard map: maximum flooding water depth during (a) 2016 Typhoon Megi and (b) 
2017 Typhoon Haitang (unit: m). 

Table 1. Depth-damage table for the residential area from the field survey. 

Depth-damage 
Depth (m) 

<0.15 0.15–0.35 0.35–0.7 0.7–0.9 ≥2 
Damage (NTD/m²) 0 242 1136 1623 3607 

Table 2. Vulnerability weight values from the AHP. 

AHP factor Elevation 
Distance to 

River 
Distance to Fire 

Station 
Population 

Density 
Weight 0.202 0.271 0.217 0.310 

  

Figure 4. Flood hazard map: maximum flooding water depth during (a) 2016 Typhoon Megi and
(b) 2017 Typhoon Haitang (unit: m).
Water 2019, 11, x FOR PEER REVIEW 9 of 16 

 

 
(a) 

 
  

Figure 5. Cont.



Water 2019, 11, 751 9 of 15Water 2019, 11, x FOR PEER REVIEW 10 of 16 

 

 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Vulnerability factors for (a) DEM (unit: m), (b) distance to river (unit: m), (c) distance to fire
station (unit: m), and (d) population density (unit: persons/25 m2).



Water 2019, 11, 751 10 of 15

3.2. Flood Loss Comparison Using Different Resolutions

In this subsection, the effects of different spatial model resolutions are discussed. Based on the
loss comparisons with different spatial resolutions in Table 3, the estimated flood losses and flooding
area at the fine resolutions of 1 m and 5 m resolutions were similar but were different from the 10 m
resolution. Table 4 shows the comparison in flood loss at resolutions of 1 m to 5 m and 10 m. The loss
result from the 10-m resolution contains a large difference among the cases. We explored the sensitivity
of the flood loss estimates with the spatial representation in the flood loss model. The estimated loss
at the 1 m or 5 m resolution is more appropriate due to the dispersed and small-sized residential
buildings in Tainan City. Since the pattern of the residential area is dispersed, the high-resolution
flood model offers relatively detailed loss assessment in the flood areas. This loss value will increase
or decrease depending on the used scale of the study area. The case evaluated the sensitivity of the
spatial resolution. In summary, the loss differences reached 7.8% and 11.2% during two events when
compared with the 1-m and 10-m resolutions. Spatial resolutions used in the assessment had a direct
impact on the potential flood heights [21]. However, the flood loss evaluation was often restricted
due to the lack of dense observation data [22]. The adoption of a high-resolution flood simulation
approach represents small-scale structural elements and small topographic variations [23]. The detailed
simulation information is relevant for assessing the flood loss and risk in an urban area.

For flood management, the loss and risk are identified effectively based on simulation
approaches [5,8]. The simulation model is applied to determine the maximum water depths during
typhoon events without sufficient flood depth measurements. Since the patterns of residential areas in
the study area are distributed, inundation depths in a residential area can be better identified using the
high -resolution simulation model. However, the benefits of using the complex building representation
and high-resolution flood inundation model are uncertain because of the lack of sufficient data for
model calibration and validation [23].

Table 3. Flood losses from different spatial resolutions.

Flood Event

Different Resolutions

1 m 5 m 10 m

Area (m2)
Residential
Loss (NTD) Area (m2)

Residential
Loss (NTD) Area (m2)

Residential
Loss (NTD)

Megi 2016 515,477 257,760,212 539,148 258,043,549 611,390 277,865,133
Haitang 2017 330,025 137,362,931 335,488 134,118,030 414,167 152,810,339

Table 4. Flood loss comparison of l m resolution.

Flood Event
Residential Loss in Different Resolution (NTD)

1 m 5 m 10 m

Megi 2016 257,760,212 258,043,549 277,865,133

Difference from 1 m resolution 0.1% 7.8%

Haitang 2017 137,362,931 134,118,030 152,810,339

Difference from 1 m resolution −2.4% 11.2%

3.3. Vulnerability and Risk Maps

A vulnerability map was derived from four vulnerability factors. Figure 6 shows the vulnerability
results classified into five categories. Every vulnerability range is represented by a unique color. Level
1 (dark green color) indicates the areas with a very low vulnerability. Level 2 (light green) indicates the
areas with low vulnerability, and level 3 (yellow color) indicates the areas with a moderate level of
loss. Levels 4 and 5 (orange and red colors) indicate areas with high and very high vulnerabilities,
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respectively. The vulnerability map shows that the areas with the highest vulnerability are located in
the south and center line because they are close to the river and are composed of lowland with high
population density.

Figure 7 shows the risk map of the study area. The risk level is highly dependent on flood hazard
and vulnerability. The flood risk is classified into the five levels of colors. Level 1 (dark green color)
indicates the areas with very low risk. Level 2 (light green) indicates the areas with low risk, and
level 3 (yellow color) indicates the areas with a moderate level of loss. Levels 4 and 5 (orange and
red colors) indicate the areas with high and very high risks, respectively. In the risk map, most areas
have no risk of flooding even though some have high vulnerability. The result also showed that the
most areas at risk are located in the South District near the river area. The areas at risk of flooding are
located around the river and have low elevation. The Tainan City Government can use the risk map as
a reference to reduce the level of vulnerability in the areas around the river. Such a goal can be achieved
by adding fire station units and reducing population density around the river. Reducing the value of
this vulnerability factor will also have an impact for decreasing the risk of flood loss in the future.

The risk map analysis indicated that most areas (883,526 m2) have a very low risk level, as denoted
by the dark green color in Figure 7. A total of 269,192 m2 areas are located in the low-risk area,
as indicated by the light green color. Only 8099 m2 areas are located in the moderate level of risk,
as represented by the yellow color. In the flood risk maps, the southwestern parts of the district near
the river were most vulnerable to floods. The risk value was calculated based on the water depth from
the hazard map and the value of the vulnerability map. Most areas are not at risk for floods but some
have high vulnerability. The government can reduce the risk value and reduce the social vulnerability
value through population reduction and adding fire station in areas with high water depth value.
Figure 8 identifies all residential areas that have risk values and very low risk level. Risk value is
affected by the vulnerability factors and the hazard map in the risk-generating process. In Figure 8,
no residential polygon that has a high level risk or a very high level risk was determined. Therefore,
the residential polygon in the study area faces a low potential risk against flood disaster loss in the
future. The government needs to pay attention to the areas, even those with less than level 3 of risk.
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Flood risk is a product of the probability of the flood event occurrence and its consequence to
society and the environment [24–26]. The 24-h accumulated rainfall for Typhoon Megi or Haitang
exceeds 350 mm over the 200-year return period. The risk map over the 200-year return period
was generated in this study. The risk maps with various flood probability distributions would be
recommended in the development of flood loss and risk assessment. However, the uncertainty in
flood loss and risk assessment can lead to significant over-estimations or under-estimations [27]. The
main uncertainties lie in the scarcity of data, the assessment model, and the human dimension e.g.,
the uncertainties within DEM accuracy, parameterization of the hydraulic model, house types, and
field surveys [27,28]. The further study will address the impact of uncertainty in flood loss and risk
assessment. In addition, the effects of the urban imperviousness [29], land development, and climate
change can be quantified in hazard mitigation planning.

4. Conclusions

This study offers a GIS-based flood loss and risk assessment model to analyze the direct loss
and risk impacts caused by floods in a residential urban area with small-sized residential buildings.
Since the pattern of a residential area in the study area is dispersed, the water depths of a residential
area are easier to identify using the high-resolution model. This study integrates high-resolution
inundation simulation to generate fine-resolution flood hazard and risk maps. The high-resolution
model provides detailed information of water depth in each pixel inside the residential area. The
effect of the simulation resolution on flood loss was identified. The spatial resolution of simulation
greatly affects the results of loss value. The assessment model shows different resolution estimations of
a flood-inundated area and its corresponding loss. Moreover, vulnerability factors used in this study
were prepared based on the importance of each of the vulnerability value factors in the study area.
The AHP identified the weights of the vulnerability factors. The risk map is the result of combining
flood hazard and vulnerability maps. Spatial flood risk maps show that the southwestern parts of the
district near the river are most vulnerable to floods.

Future studies will consider flood risk under various return periods in order to identify the
expected annual damage for each return period. Data collection of filled survey and social vulnerability
factors, such as household income, and uncertainty analysis must also be added to develop a reliable
loss and risk estimator.
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22. Chen, A.S.; Hammond, M.J.; Djordjević, S.; Butler, D.; Khan, D.M.; Veerbeek, W. From hazard to impact:
Flood damage assessment tools for mega cities. Nat. Hazards 2016, 82, 857–890. [CrossRef]

23. Bermúdez, M.; Zischg, A.P. Sensitivity of flood loss estimates to building representation and flow depth
attribution methods in micro-scale flood modelling. Nat. Hazards 2018, 92, 1633–1648. [CrossRef]

24. Ward, P.J.; De Moel, H.; Aerts, J.C.J.H. How are flood risk estimates affected by the choice of return-periods?
Nat. Hazards Earth Syst. Sci. 2011, 11, 3181–3195. [CrossRef]

25. Kobayashi, K.; Takara, K.; Sano, H.; Tsumori, H.; Sekii, K. A high-resolution large-scale flood hazard and
economic risk model for the property loss insurance in Japan. J. Flood Risk Manag. 2016, 9, 136–153. [CrossRef]

26. Collet, L.; Beevers, L.; Stewart, M.D. Decision-Making and Flood Risk Uncertainty: Statistical Data Set
Analysis for Flood Risk Assessment. Water Resour. Res. 2018, 54, 7291–7308. [CrossRef]

27. Wagenaar, D.J.; De Bruijn, K.M.; Bouwer, L.M.; De Moel, H. Uncertainty in flood damage estimates and its
potential effect on investment decisions. Nat. Hazards Earth Syst. Sci. 2016, 16, 1–14. [CrossRef]

http://dx.doi.org/10.1080/1573062X.2014.994005
http://dx.doi.org/10.1051/e3sconf/20160708007
http://dx.doi.org/10.5194/hess-19-3605-2015
http://dx.doi.org/10.3390/w10040473
http://dx.doi.org/10.5194/nhess-10-509-2010
http://dx.doi.org/10.4236/jgis.2010.23020
http://dx.doi.org/10.1016/0022-2496(77)90033-5
http://bpmsg.com
http://dx.doi.org/10.1007/s40899-016-0051-x
http://dx.doi.org/10.1111/jfr3.12224
http://dx.doi.org/10.1007/s11069-016-2223-2
http://dx.doi.org/10.1007/s11069-018-3270-7
http://dx.doi.org/10.5194/nhess-11-3181-2011
http://dx.doi.org/10.1111/jfr3.12117
http://dx.doi.org/10.1029/2017WR022024
http://dx.doi.org/10.5194/nhess-16-1-2016


Water 2019, 11, 751 15 of 15

28. Winter, B.; Schneeberger, K.; Huttenlau, M.; Stötter, J. Sources of uncertainty in a probabilistic flood risk
model. Nat. Hazards 2018, 91, 431–446. [CrossRef]

29. Lepeška, T. The impact of impervious surfaces on ecohydrology and health in urban ecosystems of Banská
Bystrica (Slovakia). Soil Water Res. 2016, 11, 29–36. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11069-017-3135-5
http://dx.doi.org/10.17221/65/2015-SWR
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Datasets and Methods 
	Flood Model 
	Loss Assessment 
	Risk Assessment 
	Vulnerability Assessment 
	AHP for Vulnerability Weight 
	Study Area 

	Result and Discussion 
	Flood Hazard Map, Depth-Damage Table, and Vulnerability Weight by AHP 
	Flood Loss Comparison Using Different Resolutions 
	Vulnerability and Risk Maps 

	Conclusions 
	References

